Introduction
Porphyromonas gingivalis is a black-pigmented Gram-negative anaerobic bacterium which has been implicated as a major etiological agent in the development and progression of chronic periodontitis.
1 P. gingivalis produces several virulence factors which lead to direct connective tissue destruction and alveolar bone loss, as well as increased deleterious host immune responses. 1, 2 The bacterium can enter gingival epithelial cells where it can remain viable and is capable of spreading between host cells, [3] [4] [5] which contribute to its survival in the oral cavity. Also, the ability of P. gingivalis to participate in biofilm formation on oral surfaces contributes to bacterial persistence and increases the potential for periodontal tissue destruction. 6 Importantly, in a wider context, it has been demonstrated that periodontal diseases increase the risk of cardiovascular and respiratory diseases, diabetes mellitus, osteoporosis, rheumatoid arthritis, and preterm low-birth weight.
three-dimensional structure of the haem-HmuY complex has revealed a unique protein all-beta fold structure. 17 Detailed characterization of the haem-HmuY complex has demonstrated that histidine residues at positions 134 and 166 serve as the iron ligands. 17, 18 Recently, we have shown that HmuY also binds iron(III) mesoporphyrin IX and iron(III) deuteroporphyrin IX. 19 This work extends our recently published findings on the HmuY haem-binding protein by presenting data regarding its binding specificity towards selected non-iron metalloporphyrins, some of which have been shown to have antimicrobial activity against P. gingivalis. 20 Our data demonstrate that HmuY binds gallium(III), cobalt(III), manganese(III), nickel(II), and copper(II) protoporphyrin IX but in a manner different to iron(III) protoporphyrin IX.
Experimental
Protein purification P. gingivalis apo-HmuY lacking the first 25 amino-acid residues (NCBI accession no. CAM 31898) was over-expressed using the pHmuY11 plasmid and Escherichia coli ER2566 cells (New England Biolabs) and purified from a soluble fraction of the E. coli lysate as previously described. 14 The recombinant form of HmuY does not possess the signal peptide, nor the following cysteine and four additional N-terminal amino-acid residues (CGKKK), which are not present in the mature soluble protein. 15 In this study we also 18 This allowed selective removal of each of the iron coordinating histidine residues along with the methionine residue that, due to its proximity to His
134
, plays an auxiliary role in iron coordination. HmuY variants were over-expressed and purified analogously to the wild-type HmuY as reported previously. 18 
HmuY-metalloporphyrin titration experiments
Iron(III) protoporphyrin IX chloride (Fe(III)PPIX chloride; Fluka) and non-iron metalloporphyrins IX (Ga(III)PPIX chloride, Zn(II)PPIX, Mn(III)PPIX chloride, Ni(II)PPIX, Cu(II)PPIX, Co(III)PPIX chloride; Frontier Scientific) were prepared as described previously, 21 and their complexes with HmuY were formed as reported earlier. 17, 19, 20 For measurements of the metalloporphyrin concentration in 20 mM phosphate buffer, pH 7.4, containing 140 mM NaCl, the extinction coefficient of each non-iron metalloporphyrin was determined in this study by a combination of metal content determination using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis with a Liberty 220 spectrometer (Varian) equipped with a standard pneumatic nebulizer, and measurement of the absorbance spectra maxima of the respective metalloporphyrin solutions (e 417nm = 49. Titration experiments were performed in 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM NaCl and monitored by UV-visible absorption spectroscopy using an Agilent 8453E UV-Vis spectrophotometer (Agilent Technologies). The absorbance increase at the wavelength corresponding to the absorbance maximum of each complex was monitored for addition of each metalloporphyrin (1-20 mM) to HmuY solutions. Concentrations of HmuY used for titration experiments were optimised in preliminary experiments to give the best resolved titration curves depending on the affinity of each metalloporphyrin to HmuY (5 mM for Ga(III)PPIX and Zn(II)PPIX and 10 mM for the remaining metalloporphyrins). Titration curves were analysed using equations for a one-site binding model and K d values determined as reported earlier 19 using the OriginPro 8 software (OriginPro Corporation).
Concentrations of apo-and holo-HmuY were determined spectrophotometrically using the extinction coefficients (e 280nm = 36.86 mM À1 cm À1 and e 280nm = 59.26 mM À1 cm À1 , 18 and this study, respectively).
CD measurements
HmuY-metalloporphyrin complexes for the circular dichroism (CD) spectra measurements were prepared in 10 mM sodium phosphate buffer, pH 7. , a response time of 2 s and a slit width of 1.0 nm. Measurements were made using a quartz cell with a 0.1 or 0.5 cm path length. Mean spectra were calculated from four independently recorded data sets.
NMR measurements
The analysis of metalloporphyrin binding to HmuY was also carried out using 1 H nuclear magnetic resonance ( 1 H NMR) spectroscopy. For this purpose, metalloporphyrin-HmuY complexes were prepared as previously described. 18, 19 Final protein concentrations were in the range of 0.5-1.2 mM.
1
H NMR measurements were performed using a Bruker Avance 600 spectrometer operating at a proton Larmor frequency of 600.13 MHz. The data were collected at 300 K with the chemical shift referenced to a residual water signal. The strong H 2 O/HDO resonance was suppressed by pre-saturation. For haem exchange experiments, 1 mg of Fe(III)PPIX chloride was dissolved in 100 ml of D 2 O containing two pellets of potassium carbonate. The resulting solution was added dropwise to the NMR tube containing the metalloporphyrin-HmuY complex dissolved in D 2 O.
Bacterial strains and growth conditions
A P. gingivalis wild-type strain (A7436) and a hmuY mutant strain lacking a functional hmuY gene (TO4) constructed in strain A7436 were grown anaerobically on blood agar (ABA, Biocorp) plates and then in basal medium supplemented with 10 mM haem as previously described.
14 Bacterial cells were depleted of iron and haem by passage of the cultures three times into BM without added haem and supplemented with dipyridyl (160 mM) as an iron chelator, until growth was significantly reduced, as measured by an OD at 600 nm, thus ensuring higher HmuY expression. 14 The cells were collected by centrifugation (4000 Â g for 10 min at 4 1C), washed twice in sterile 20 mM phosphate buffer, pH 7.4, containing 140 mM NaCl, suspended in fresh basal medium, and adjusted to OD 600 = 1.0. The metalloporphyrins were added to 1 ml aliquots of bacterial cultures to a final concentration of 10 mM. Samples without added metalloporphyrins and culture medium without bacteria, but with metalloporphyrins, served as appropriate controls. After 1 h, cultures were centrifuged and the amounts of metalloporphyrins remaining in culture medium were determined by absorbance measurements at wavelengths corresponding to Soret band maxima of the respective metalloporphyrins (see extinction coefficient measurements above).
Results and discussion
P. gingivalis HmuY binds non-iron metalloporphyrins
Non-iron metalloporphyrins are potent inhibitors of several proteins and therefore have potential for targeting bacterial infections. Amongst these, gallium(III) protoporphyrin IX is active against Yersinia enterocolitica, Neisseria gonorrhoeae, Haemophilus ducreyi and Staphylococcus aureus. 22, 23 Because it is similar in size and ionic radius to iron(III), gallium(III) is widely used as a non-redox iron substitute utilized by common bacterial transport systems. 24 Recently we have shown that some non-iron metalloporphyrins reduce P. gingivalis growth and infection, 20 and this study used UV-visible absorption, CD and 1 H NMR spectroscopies to examine binding of selected non-iron metalloporphyrins to HmuY. All of the non-iron metalloporphyrins examined were bound to HmuY ( Fig. 1 (left panel) and Table 1 ), although the coordination mode of each metalloporphyrin was different and depended on the central metal ion. The dissociation constants (K d ) of the metalloporphyrin-HmuY complexes were determined from titration experiments using UV-visible absorption spectroscopy ( Fig. 1, right Table 1 ) has distinctive Soret, a and b bands at 430, 553 and 590 nm which are red-shifted compared to other Zn(II)PPIX-protein complexes where the zinc atom is hexacoordinate, e.g., Zn(II)PPIX-myoglobin (416, 544 and 583 nm) or Zn(II)PPIX-cytochrome c (423, 549 and 584 nm). 32, 33 According to the general rule that the attachment of each axial ligand causes a red-shift of the Soret maximum, the above findings point to Zn(II) being hexacoordinate in the Zn(II)PPIX-HmuY complex.
After prolonged incubation and removal of excess of metalloporphyrins, the Ga(III)PPIX-HmuY and Zn(II)PPIX-HmuY complexes showed blue-shifted absorbance maxima, plus the appearance of additional Soret bands (at 398 and 394 nm, respectively) ( Fig. 2A and B, and Fig. 2A and B, and Table 2 ). Similar behaviour was also observed by others who have shown binding of Ga(III)PPIX and Zn(II)PPIX to myoglobin. 29, 34 CD and absorbance spectra of the Ga(III)PPIX-and Zn(II)PPIX-HmuY complexes point to little or no change in the environment upon removal of His 134 ( Fig. 2A and B) .
However, replacement of His 166 with an alanine residue strongly influences Ga(III)PPIX-and Zn(II)PPIX-HmuY formation. Changes in the Soret region of CD and absorbance spectra may result from different gallium coordination in Ga(III)PPIX complexed with the a HmuY (10 mM) in 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM NaCl or buffer alone was titrated with metalloporphyrins (1-20 mM) and absorbance spectra were recorded immediately after addition of 1 ml aliquots of metalloporphyrins. ND, not detected. Ala (dashed red line). All samples were incubated in 10 mM phosphate buffer, pH 7.8, for 24 h at 4 1C and excess metalloporphyrin was removed from the solution by gel filtration. Spectra were recorded for 100 mM proteins in 10 mM sodium phosphate buffer, pH 7.8.
His
166 Ala variant ( Fig. 2A) Fig. 1A and B) . However, it should be noted that the measurement of binding constants for haem in different solutions is complicated by the fact that it may exist as a dimer (m-oxo dimer or p-p dimer). 35, 36 Similar effects have been shown for other metalloporphyrins. For example, Ga(III)PPIX forms a propionate-bridged dimer 37 and Mn(III)PPIX forms dimers probably due to p-p stacking. 38 In this study we have also noticed the presence of two distinct forms of Ga(III)PPIX and Zn(II)PPIX as two Soret maxima were observed for the solutions of each metalloporphyrin (Fig. 1 ). All these experiments were conducted in buffered aqueous solution, mimicking in vivo conditions, but allowing dimer formation. Therefore, extinction coefficients and K d values estimated in this study under conditions applied should take into consideration the above-mentioned possibilities. In addition, the affinities of the complexes with Fe, Ga and Zn protoporphyrin IX should be reported as minimal values which exceed the limits of the assay at these concentrations of protein and sensitivities for detection of bound and free cofactors. However, although the binding of metalloporphyrins, described in this study, by HmuY is relatively weak, the haemophore will nevertheless efficiently bind heme from deoxyhaemoglobin, methaemoglobin and serum albumin 16 and haemopexin (J. W. Smalley, unpublished findings). This may suggest that, for example, in contrast to the HasA hemophore, HmuY may bind and transport haem to the P. gingivalis HmuR receptor in a different manner, or that this weak binding may be necessary to store haem on the surface of P. gingivalis cells first and then transfer this molecule to other proteins.
Cobalt is hexacoordinate in the Co(III)PPIX-HmuY complex
The UV-visible spectrum of the Co(III)PPIX-HmuY complex ( Fig. 1C and Table 2 ).
The CD spectrum of the wild-type Co(III)PPIX-HmuY complex exhibits a weak negative Cotton effect, similar to that of the haem-HmuY complex, the latter being blue-shifted ( Fig. 2C and G) Ala complex is almost flat in the entire Soret region (Fig. 2C) . These spectroscopic characteristics point to the Co(III)PPIX-HmuY complex being hexacoordinate, analogously to that of iron in haem-HmuY. However, based on the CD spectra, some differences in the environments of Co(III) and Fe(III) can be expected. This may be attributed to the fact that cobalt(III) binding to the sixth ligand may be rather weak due to anti-bonding electrons. Weak interaction with the sixth axial ligand might also explain the lower binding affinity of Co(III)PPIX to HmuY (K d(Co(III)PPIX) = 1.05 mM) compared to that of haem. Even though unsymmetrical, interaction of Co(III)PPIX with the axial imidazole ligands is strong enough to prevent its displacement by haem in the haem-binding pocket of HmuY (data not shown). 
Manganese is pentacoordinate in the Mn(III)PPIX-HmuY complex
The absorption spectral features of the Mn(III)PPIX-HmuY complex ( Fig. 1D and Table 1 ) are similar to Mn(III)PPIXsubstituted haemoglobin, myoglobin and cytochrome c, in having a 370 nm Soret band and an additional p-d transition band around 470 nm. [43] [44] [45] As in all the above modified haemoproteins, the manganese ion in the Mn(III)PPIX-HmuY complex would be expected to be coordinated by a single histidine residue. Interestingly, the Mn(III)PPIX-HmuY absorbance spectrum shows a weak p-d transition band shoulder at 489 nm besides a distinctive maximum at 470 nm, whilst the spectra of Mn(III)PPIXHis 134 Ala/Met 136 Ala and Mn(III)PPIX-His
166
Ala have single p-d transition bands at 470 and 489 nm, respectively (Fig. 2D and Table 2 ). As a consequence, the absorbance spectra of the Mn(III)PPIX complexes with the HmuY mutants sum to give a spectrum similar to that of Mn(III)PPIX complexed with the wild-type protein. Also, the positive Cotton effect observed in the CD spectrum of the Mn(III)PPIX-HmuY seems to be a sum of spectra of the Mn(III)PPIX-His (Fig. 1D and 2D) . In the 1 H NMR spectrum obtained for the HmuYMn(III)PPIX system (data not shown), the positions of signals are typical for a high-spin (S = 2) manganese(III) complex and the general appearance of the spectrum is very similar to that observed for Mn(III)PPIX chloride itself. 45, 46 As expected, the possible coordination of histidine ligands does not change the spin state of manganese(III). 47 Importantly, from a functional perspective, haem exchange experiments showed that formation of the pentacoordinate Mn(III)PPIX-HmuY complex with an axial imidazole ligand prevents its displacement by haem in the haem-binding pocket and may (in part) explain its antibacterial effects.
Weak binding allows Ni(II)PPIX and Cu(II)PPIX to be displaced by haem in the binding cavity of HmuY UV-visible absorption spectra point towards similar modes of binding of Ni(II)PPIX and Cu(II)PPIX to HmuY (Fig. 1E and F, and Table 1 ). In both cases, complex formation causes only slight Soret band red shifts (5 nm) compared to free metalloporphyrins. The 389 nm Soret band for the Ni(II)PPIX-HmuY complex corresponds well with the fraction of the tetracoordinate nickel in Ni(II)PPIX-substituted haemoglobin (l max 397 nm). 26 The 389 nm Soret band for the Cu(II)PPIX-HmuY complex, which is close to that for Cu(II)PPIX in the vapour phase (387.5 nm), suggests that Cu(II) in this complex is tetracoordinate ( Fig. 1F and Table 1 ). 25 The CD spectrum of Ni(II)PPIX-HmuY has a weak positive Cotton effect within the Soret region, and the Ni(II)PPIXHis 166 Ala complex shows a bisignate CD spectrum (Fig. 2E Fig. 1E and F) . As a consequence, the majority of those metalloporphyrins are lost from the complex during gel filtration or dialysis against buffer (as indicated by the low A 389nm -A 280nm ratio) leaving some unoccupied haem binding sites that can be then filled with exogenous haem.
Biological implications
Recently we have shown that iron(III) mesoporphyrin IX and iron(III) deuteroporphyrin IX bind to HmuY and support planktonic and biofilm growth of P. gingivalis cells and infection of epithelial cells in a way analogous to iron(III) protoporphyrin IX. 19, 20 In contrast, however, Ga(III)PPIX and Co(III)PPIX exhibit antimicrobial activity against P. gingivalis. 20 This effect has also been observed for the hmuY (TO4) and hmuY-hmuR (TO2) mutant strains, 20 suggesting that the proteins encoded within the hmu operon may not constitute the only system used by P. gingivalis for uptake of metalloporphyrins. Here we demonstrated that all of the metalloporphyrins examined bind to the P. gingivalis wild-type strain with a greater ability compared to the TO4 mutant strain lacking a functional hmuY gene (Fig. 4) . This suggests that HmuY may be used by P. gingivalis cells to bind free metalloporphyrins on the cell surface. The results herein further aid our understanding of the mechanisms of metalloporphyrin binding and utilization which might be exploited to reduce the virulence of P. gingivalis, e.g. photodynamic therapy.
Conclusions
This study showed that HmuY forms complexes with selected non-iron metalloporphyrins, though recognition of the ligand 26, 51, 52 Therefore further studies are required to shed more light on detailed properties of metalloporphyrin binding to the HmuY hemophore, as well as to P. gingivalis cells. Fig. 4 Binding of metalloporphyrins to P. gingivalis cells. P. gingivalis wild-type (A7436) and hmuY mutant (TO4) strains depleted of iron and haem were incubated in basal medium anaerobically at 37 1C for 1 h with metalloporphyrins (final concentration 10 mM). After centrifugation, the amount of metalloporphyrins remaining in the culture media was determined by absorbance measurements at wavelengths corresponding to their Soret l max values. Results are shown as mean AE SD from two independent experiments performed in duplicate.
